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SYUOPSIS 

The electrical, switching and optical properties 
of passes belonging to the system Si 02 - ^2^3 "* ” ■^®2^' 

were studied. 

Bulk conductivity of these glasses, and s\u*face 

. -j- 

conductivity of virgin glasses, Ba Ag ion-exchanged and 
reduced specimens and simply reduced specimens were studied 
as a function of temperature. 

The d.c. conductivity in bulk glasses is believed 
to arise due to the migration of Ba ions. Siirface conducti- 
vities depend very much on the nature of the surface and the 
ambient atmosphere. Ionic conduction, electronic conduction 
and proton conduction are suspected to be effective in 
determining the sirrface conductivity of these passes at 
different temperature ranges. The surface resistivities of 
glasses for T/^ich reduction treatment or ion-exchange and 
reduction treatment was given follow different kind of 
variation with temperature than for virgin glasses. This 
difference is attributed to the surface treatment given to 
the glasses resulting in different conduction mechanisms. 

The ion-exchanged and reduced ^ass with 5 mole % 
of BagO has shown threshold type of switching. 



CHAPTER 1 


INTRODUCTION 


Many possible applications have led to great 

interest and activity in studying amorphous semiconductors, 

in which conduction processes are mainly electronic in 

nature . Amorphous materials in general exhibit a lack of 

long range periodicity. Among the many potential applications 

of amorphous semiconductors, their property of electrical 

switching holds a big promise. The electrical and optical 

properties of amorphous semiconductors can also be looked to 

( 1 — ^ ) 

for many applications. The applications' of amorphous 

semiconductors include switching and memory devices, photo- 
conductors, light modulators, optical and infrared detectors, 
continuous dynode electron multipliers, phase contrast 
holograms, high energy particle detectors etc., not all 
realised . The advantages of producing amorphous semicond- 
uctors by means of thin film processes makes the fabrication 
of these devices comparatively easier. 

1.1 Classification 

Structural differences in amorphous semiconductors 

(4) 

arise due to the difference in preparational techniques 
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and chemical compositions. Considering this, amorphous 

(5) 

semiconductors can be classified into 3 groups 

(1) Elemental;- Of these only S and Se can be obtained 
in amorphous form by slow cooling of their melts. 
Because of their chain or ring structure, the short 
range order extends over rather long distances, 
depending on temperature and thermal history of the 
material . 

(2) Covalently bonded alloy glasses;- These alloys, 
e.g., those which contain group IV, V and VI elements 
possess compositional disorder in addition to trans- 
lational disorder. Because of this all atoms locally 
satisfy their valence bond requirements. These are 
the simplest amorphous semiconductors. 

(3) Ionic or tightly bound materials;- This category 

includes materials like SiO, Al^O^ and These 

materials have band gaps larger than 2 eV. They have 
positional disorder and may contain impurities as an 
additional disorder. Alternatively, as a result of 
deviations from stoichiometry they may contain atoms 
in different valence states. These usually act as 
donors or acceptors and form a narrow band of 
states within the gap of the host material. 
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The common crystalline semiconductors G-e, Si etc. 

can be obtained in amorphous form by deposition of thin 

films from the vapour. One group of glasses has been studied 

intensly because of their potential applications. These are 

chalcogenide glasses'’ \ those containing the group VI 

( chalcogenide ) elements S, Se, Te alone or in combination 

with group V elements P, As, Sb and Bi (e.g., As2S^, AsgTe^, 

Si-Grc-As-T'e etc.). Many oxide glasses with transition metal 

ions such as vanadium andiron show semiconducting behaviour. 

(l) 

ALkali borosilicate glasses containing Bi^O^^ show 
semiconducting and switching properties. 

Two important aspects of crystalline semiconductors 
are missing in amorphous semiconductors^^ \ The first is 
the probability of changing by doping the conductivity of 
crystalline semiconductors. The second is the possibility 
of forming p-n junctions by choosing different doping 
elements. This is because, in a crystalline semiconductor 
a donor or acceptor doping element acts as such because it 
is forced to take the place of a crystalline host atom.'- and 
hence has either an excess or a deficiency of a valence 
electron. On the other hand in an amorphous semiconductor 
the local order is not the same everywhere, as a result of 
which, each atom can satisfy its valence requirements and 
hence does not act as a conventional donor or acceptor as 
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in crystalline semiconductors, imorphous semiconductors 
behave similar to intrinsic semiconductors. 

1 .2 Ionic Conduction in Glasses 

In most oxide glasses the electrical conductivity 
results from ionic motion. In oxide glasses the basic 
ingredients are a network former (e.g., SiO^), network 
modifier (e.g., Ua20) and an intermediate (e.g., Al^O^). A 
chemical reaction takes place during fusion, so that strong 
Si-O-Si bonds are broken and the bridging oxygens are 
converted to nonbridging oxygens. The alkali ions are 

electrostatically attached to the nonbridging oxygen ions 

Grfi 

and they /the principal carriers in ionic conduction. To 

( 8 ) 

calcrilate ionic conductivity in oxide glasses^ ^ the appro- 
priate structural knowledge viz., the number of bridging and 
nonbridging oxygens surrounding the alkali ion, the distri- 
bution of alkali ions, the structure of silicon-oxygen 
network etc. must be known. 

The mobility of divalent ions and other higher 
valence ions is low relative to alkali ions. In BaO-SiO^ 
and GaO-SiOg glasses the ionic conductivity is due to the 

(g) 2+ 2+ 

divalent ions Ba and Ca respectively. In Cabal 
(CaO-BgO^-AlgO^) glasses the conductivity may be due to 
the transport of oxygen ions^ "*^^. It seems that the 
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( 11 ) ( 12 ) 

the conductivity of lead silicate , calcium silicate 

(13) 

and barium alximinum borate glasses is due to the mobility 
of hydrogen ions. 

Two methods have been used to measure electrical 

conductivity of solid ionic conductors; one technique uses 

direct current and the other uses alternating current. In 

a d.c. measurement a space charge is often set-up in the 

glass because of partial blocking of the ionic current by 

the electrodes; then the current decreases rapidly with time, 

and its value must be extrapolated to zero time if an 

accurate value of conductivity is desired. To avoid these 

electrode problems an alternating ciu'rent is usually used, 

3 6 

of a frequency from 10^ to 10 cycles/sec. Silicate glasses 
shov/ dielectric losses at these frequencies, however, so 
care must be taken to make the measurements over a wide 
frequency range. 

1,2.1 Relation between ionic conductivity and ionic 
diffusion 

If the electrical current in a glass is carried by 
a single ionic species, the electrical conductivity of the 
glass is related to the diffusion coefficient of the ion 
by Rernst-Einstein relation 

2 2 

Z^E^Dc 
ET 


cr 


( 1 . 1 ) 
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where Z is the ionic charge. S' is the S'aradajr, D is the 

2 

diffusion coefficient in cm /sec, E is the gas constant, c 
is the concentration of ions and T is the absolute tempera- 
ture. The above equation will be useful in understanding 
the conductivity mechanisms in glasses. 


1.2.2 The dependence of ionic conductivity on temperature 

S'or most of the oxide glasses, over fairly wide 
temperatiu?e ranges, the electrical resistivity is generally 
described by the Rasch-Hinrichsen^ relation 


log f = A + ^ (1.2) 

where A and B are constants. 

By considering the alkali ions to be in a potential 

(15) 

well undergoing thermal vibrations, Stevels derived the 
equation 

? = -¥2- (1.3) 

^ba e n . 

where is the vibrational frequency, b is the number of 
adjacent wells an ion can jump into, a is the average jump 
distance , n is the number of mobile ions per c.c, and E is 
the energy barrier. If the variation of E with temperature 
is small, equation (1.3) leads to equation (1.2) and a 
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plot of log ^ vs 1/T gives a straight line, the slope of 

which gives the activation energy for conduction. Improve- 

ments over Stevels analysis have been made by Mazurin^ ^ 
(17) 

and Owen^ \ 

The activation energies for electrical conduction 

decrease with increasing concentration of alkali ions. 

( 15 ) 

Stevels reasoned that as more alkali ions are added to 
the glass, fevwr and fewer bridging oxygen ions remain. The 
network coherence decreases, making it easy for the ions to 
move . 

The addition of an oxide of a higher valent metal 

ion to an alkali silicate glass leads to a decrease in the 

(17) 

ionic mobility of the alkali ion . The decrease is 
related to the ionic size of the added ion for divalent 
ions. The largest change was found for Ba ions with a 
decreasing effect for Pb, Sr and Ga ions. 

1.2.3 Mixed-alkali effect 

When a second alkali oxide is added to an alkali 

silicate glass (e.g,, replacement of la ions by Li or K 

(is) 

ions) the conductivities decrease sharply^ ' . Activation 
energy also shows similar anamolous behaviour. Since the 
alkali ions are considered to be the sole current carriers, 
some very drastic effects must take place when one alkali 
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ion is replaced by another alkali ion. The simple concept 

of a random silicon-oxygen net?/ork in which the alkali ions 

are free to move about is not acceptable in the light of 

such results. Measurements of diffusion coefficients in 

such glasses show that the mobility of each ion is decreased 

(19) 

by the addition of the other . The decrease in conducti- 
vity results from these reductions in mobility, but the 
reasons for the mobility reductions are not clear. 

1.3 Electronic Conduction 

The electrical conductivity of many amorphous 
semiconductors including chalcogenide glasses are observed 
to vary with temperature as^^^^ 

a = exp (- E/kT) (1.4) 

where E is the activation energy for conduction process and 
is a constant. The electrical conductivity of many 
chalcogenide glasses resembles that of intrinsic semi- 
conductors even down to quite low temperature, as shown in 
figure 1. The intrinsic conductivities of Ge and InSb 
films are also shown in the figure. The electrical 

-3 ' 

resistivity of non-crystalline solids ranges from 10 

15 

ohm-cm to greater than 10 ohm-cm at room temperature 
and the mechanism of conduction throughout this range can 
be primarily electronic. 
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The electronic conduction in oxide glasses is 
essentially due to the presence of transition metal ions of 

different valencies in the glass, For example, ir. a glass 

2 + 3 + 2 + 

containing Fe and Fe , an electron can move from Fe to 

3 + 

Fe , a mechanism analogous to that in crystalline transition 

metal oxides. In iron phosphate glasses the conductivity 

is maximum when the ratio Fe^’VFe (total) is about 0.4 to 
( 21 ) 

0.6 . ?Jh.ereas in crystalline semiconductors even very 

small concentration of impurities cause large changes in 
conductivity and in the type of charge carriers (electrons 
or holes), impurity concentrations upto a few percent usually 
cause relatively minor changes in the conductivity of amor- 
phous semiconductors. 

Other important parameters for characterisation of 
amorphous semiconductors are the a.c, conductivity, thermo- 
electric power, optical absorption and Hall coefficient. 

(22) 

Since Fenton et al.^ t showed that “^ 2^3 ~ ^ 2^5 
glasses exhibit bulk electronic conduction in 1954, the 
interest in electronic conduction of glassy materials has 
increased. Yarious other oxide glasses have been studied 
by various workers after that. A range of vanadate- 
phosphate, vanadate -germanate have been studied by 
Mackenzie and Ioffe and Eegel^^^\ Other glasses 

(21 ) 

studied include iron-oxide based glasses , As-Te-Ge 
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and As-Te-Se systems Si-As-Te glasses^^"^^ , 4As23)e^. 

etc. A survey of the earlier 
work done is given by Bandyopadhyay^^^^ and Fagesh^^”'^ . 
Amorphous Ge, InSb, Te, Se and AsgSe^ have been studied in 

(52) 

detail by Stuke in comparison with their crystalline 
count ©rparts . 

1.3.1 Theories of amorphous semiconduction 

In crystals, there are certain features of the 
electronic structure and of the energy bands, in particular, 
which are universal for all crystals, being consequences 
only of periodicity of the crystals. Although no definite 
theory yet exists for disordered systems, we can anticipate 
that the electronic structures of disordered systems will 
also show universal features. 

Bor perfect crystals, if we assume the electron 
wave functions to be given by Bloch-Bloquet theorem, we get 
corresponding one electron energies which fall into continuous 
bands of allowed levels separated by forbidden gaps. The 
energy E^(k) will be a continuous function of k within each 
band, except at band edges which correspond to the absolute 
minimum or maximum of E as a function of k for each band. 

The density of states n(B) has square root singularities 
at these edges as shown in fig . 2 (a). Other critical 
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points, saddle points also occur within the band, also 
giving rise to square root singularities in n(E). . 

1<.3.2 Density of states 

Density of states n(E) as a function of energy E 

for (a) a perfect crystal, (b) a crystal containing only one 

localized imperfection and (c) a crystal containing a low 

concentration of localized imperfection are shown in fig , 
f 33 ) 

2 . ' In all the 3 cases there are continuous bands of 

energy levels separated by gaps with square root singularities 
at these band edges. The square root singularities associated 
with the saddle points within the band in (a) and (b) are 
eliminated by scattering in (c). If the potential change 
Av introduced by the imperfection is strong enough in (b), 
localized levels split off from the bands (off the bottom 
for attractive AY or the top for repulsive) which broaden 
into bands in(c). 

We come to similar results if we consider disorder 
introduced by phonons. Their consequence for electron trans- 
port in intrinsic semiconductors are readily apparent from 

( 34 ) 

the Kubo-Greenwood formula for the electrical conduc- 
tivity 

= £ I dEn^(E)e vi^(E)f^(E) 
b 


a 


(1.5) 
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Here, b is a band index with v for valence and c for 
conduction, n^(E) is the density of states. 
average mobility of charge carriers of energy E, 
is the electron occupation probability in the conduction 
band and f^(E) is the hole occupation probability in the 
valence band. With a density of states as in the fig . 2 (a), 
the f integration over E gives 

= <r-Q exp(- (1.6) 

as is observed for intrinsic semiconductors, the activation 
energy E being half the band gap (E^ - E^) . This well 
defined activation energy is a consequence of the fact 
that the sharp band edges of the perfect crystal are not 
wiped out by the imperfections. 

V/hen the potential change associated with a 
localized imperfection is large enough, there can be 
localized states in the energy gap, one associated with each 
imperfection. Their degeneracy is lifted by overlap, how- 
ever and we face the problem of impurity band, which is not 
yet completely solved. 

1.3.3 Energy Bands in Amorphous Semiconductors 

An essential feature of all the models proposed 
for the electronic structure of disordered materials is 
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the presence of tails of localized states. Ihe concept of 
localized states is used extensively for the crystalline 
semiconductors in which impiirity atoms and point defects 
give rise to localized levels or traps in the forbidden 
energy gap. But a continuous range of energies in which all 
electronic states are localized is not that familiar. The 
causes ■ for the occurrence of localized states have been 

( 34 ) 

discussed by Mott^'^ » 

( 35 ) 

A band model proposed by Mott is shown in 
fig . 3(a), There is a valence band with a tail of localized 
states above and a conduction band with a tail of local- 
ized states below E . Thus only a pseudogap exis-fcs between 
the valence and conduction bands. 

This simplest model is probably not adequate for 
elemental and compound amorphous semiconductors. Though 
these materials are translationally disordered, the short 
range order is in general so well defined that structural 
defects can occur. These defects can be expected to have 
well defined energy levels associated with them. These would 
not be sharp as in a crystal, but varying somewhat, with 
local environment would give rise to peaks or monotonicrity 
in the density of states as in the fig . 3(c). 

Eor amorphous covalent alloys such as these based 
on the chalcogenides Se and Te, the above models are not 
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adequate. Such alloys contain atoms of varying valences in 
large concentrations . There is compositional disorder in 
addition to translational disorder enhanced by the require- 
ment that valences are locally satisfied. The tails of the 
valence and conduction bands therefore overlap leading to a 
finite density of states at the Permi energy n(Ep) and a 
finite concentration of localized states near Eg,. This 
model was proposed by Cohen, Eritzsche and Ovshinsky^^ , 
(known as. CEO model) . Mott and Eavis*'^'^^ have suggested a 
smaller degree of tailing and have proposed the existence 
of a 'defect band’ perhaps arising from unsatisfied or 
dangling bonds near the gap centre ( fig . 3(c)). A reviev^r 
of different models proposed has been done by Cohen^^ * 

All the models developed so far have continuous 
densities of states. It is therefore difficult to understand 
how a can obey equation (1.6) over a wide range of tempera- 
tures, particularly so for alloys where the band tailing is 
pronoxmced. Erem the Kubo -Greenwood foimila it is clear 
that some kind of an edge must occur in the integrand of 
equation (1.5) to obtain equation (1.6). Eor ciystalline 
materials it is a band edge. Eor amorphous semiconductors, 
however it can only have to do with the critical energies 
E and E . There the states change their character from 

V c . 

extended to localized . The transport mechanism must also 
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change from one characteristic of extended states such as 
propagation with occasional scattering to that characteris- 
tic of localized states, phonon assisted hopping at finite 
temperatures . Therefore to explain the validity of equation 

(1.6) for amorphous semiconductors, one needs only to suppose 
that the mobility changes by several orders of magnitude 
within an energy range of order kT near S and E . Such an 
energy dependence for is sho¥m in fig . 3(b). This explains 
the dependence of o on temperature according to equation 

(1.6) . and E^ are mobility edges . The drop there in p 

is termed, the mobility shoulders . The energy range 

Eg = (E^ - E^) is called the mobility gap ^ ^ . 

Thus in amorphous semiconductors, transport in 

delocalized electronic states for which the mean free path 

is of the same order as the interatomic spacing and transport 

by thermally activated hopping between localized states are 

the modes of conduction that occur. This is similar to the 

hopping or band-like conduction with short mean free path 

in heavily doped crystalline semiconductors. 

Amorphous covalent alloys of group IV, V and VI 

elements have been described as law-mobility electronic 

intrinsic semiconductors with a temperature activated 

electrical conductivity. These alloys transmit infrared 

(39) 

light upto an exponential absorption edge from which 
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an energy gap E can be estimated. This B is usually 
S S 

smaller than 2 E, often by as much as 10-20/5. Photoconduc- 
tivity and recombination radiation measurements have been 
interpreted as giving evidence for the presence of localized 
states in the gap. If the nearest neighbour distance and 
co-ordination number remain unchanged from those found in 
the crystalline phase, then the density of electronic states 
remains essentially the same. The main experimental evidence 
for this is the optical absorption edge, which occurs at 
roughly the same photon energy in crystalline and amorphous 
phases of the material, indicating an energy gap of about 
the same magnitude. But when the energy gap in the crystal 
is determined to some extent by interactions of long range, 
then nearest neighbour separations, this is not true. 

Electrical measurements show a large density of states of 
19/ 3 

about 10 /eV cm at the Eermi energy in the middle of the 

gap, whereas optical absorption measurements indicate a 

3 

much smaller value such as 10 /eV cm"^, except near the 
critical energies. Eritzsche has proposed a heterogeneous 
model to accoimt for these differences. A random phase 
model of conduction in glassy semiconductors has been 
proposed by Hiniiy. A review of current theories is given 
by Hulls 
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1.4 Switching in Amorphous Solids 

The switching effect comprises a sudden change of 
electrical resistivity by several orders of magnitude when 
a siifficiently high electric field is applied to the material. 
Two types of sv/itching characteristics are observed in 
amorphous solids . 

(1) Threshold Switching; v/here above a certain voltage, 
threshold voltage, the material goes from high-resistance 
state to low-resistance state and ?7hen the current through 
it is reduced below a certain current called holding 
current, it comes back to its high-resistance state. 

(2) Memory Switching; where the material retains its low 
resistance state even after the removal of the applied 
voltage. 

Switching effects have been observed in thin films 
and a large number of amorphoios semiconductors like, 
chalcogenide glasses such as AlTlSe and TiAs(Se, Te)2j 

in vanadate glasses^^^\ in sodium borosilicate glasses 

(45) (46) 

in amorphous Si and Ge , in organic semiconductors , 

( 47 ) 

calcium borate glasses with iron and a number of other 
semiconducting glasses. Interesting memoiy effects have 
been observed in crystalline stibnite in 

transition metal glasses^"^^^ and in As-Te-I glasses^^^^ 



Many theories have been put forward to explain 
e s7/itching mechanisms — thermal breakdown theory^^"^ ^, 
electronic theory with charge accumulation^ phase change 
chanism ^ and many others. Switching has been 

described by Ovshinsky^^O) Owen^55)^ 



Conductivity (ohm cm 


As^Sc 0 


lO-^/T (°K ) 

TEMPERATURE VARIATION OF ELECTRICAL 
CONDUCTIVITY OF VARIOUS AMORPHOUS 
SEMICONDUCTORS ( Ref. 20) • 
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3 DENSITY OF STATES AND MOBILITY AS: FUNCTIONS 
OF energy IN AMORPHOUS SEMICONDUCTORS FOR 

VARIOUS energy BAND MODELS. Y 
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OEABTER 2 


SUET' ACE ELECTRIC AL PROPERTIES OE GLASSES 


Apart from their theoretical interest the electrical 
properties of glass surfaces are of great practical import- 
ance. Glass is widely used for making electrical Insulators 
and the vacuum envelopes of thermionic and photo-electric 
devices. The surface electrical properties of glass will 
determine whether there is an accumulation or leakage of 
charges. If there is adsorption of moisture by glass, the 
surface electrical resistivity of glass will be markedly 
lower than the volume resistivity. The chemical durability 
is an essential requirement in good electrical glass since 
moisture film thickness and surface conductivity both are 
increased if there are soluble products of unstable compo- 
sition. 

The composition of the surface layers may differ 

from that of the bilLk material, depending on the thermal and 

chemical treatment to which the glass has been subjected. 

This difference in composition arises due to several 

( 56 ) 

reasons . 

(1) The contribution of the surface-free energy is 

different for the various constituents of glasses. 
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Hence to maintain minimum surface free energy, those 
constituents of the glass which lower the free energy 
will be concentrated in the surface layer. 

(2) Certain constituents of glasses win be more volatile 
than others, and they will be lost from the surface 
during forming process. 

( 4 ) There may be selective solution or absorption at the 
surface in contact with liquids such as water. 

In alkali silicate glasses, sodium ions lovrer the 
surface tension of the glasses and hence they tend to concen- 
trate in the surface layer of the molten glass. On the 
other hand, alkali ions are very volatile. The actual 
composition of a glass surface, then will be a complex 
function of the time temperature history of the surface. 

2.1 Absorption of Water by Glass Surfaces 

( 57) 

Frazer^ studied the absorption of water by fresh 

glass surfaces, by admitting water vapour on the specimen 

kept in a vacuum chamber. He observed that the thickness 

0 

of the adsorbed layer (6 A at 13 mm of Hg) increased 
rapidly above 13 mm pressure. Yager and Morgan^ ■ studied 
the adsorption of water with increasing humidity. They 
observed that the first additional monolayer is formed at a 
relative humidity of 50%, a rapid increase in thickness 
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of adsorbed layer taking place at greater humidities (at 
97 % relatiTe humidity the water condensed is equivalent to 
90 layers ) . 

2.2 Siirface Structure 

The surface structure of oxide glasses depends on 

the reactions of dangling oxide bonds. In a silicate glass 

a surface leads to Si-0- and Si-bonds that are unsatisfied. 

These bonds react with atmospheric water to form SiOH groups. 

Therefore the surface of an oxide glass is normally composed 

of metal hydroxyl groups. The thickness and structural 

arrangement of the hydrated surface layer depend on the 

composition of the glass, its thermal history, humidity and 

surface treatment after melting and cooling . Hydroxyl group 

($ 8 ) 

on glass surfaces can be examined by infrared spectroscopy 

In addition to physically adsorbed molecular water and 

isolated SiOH groups, hydrogen bonded SiOH groups and internal 

SiOH groups exist near a silica surface. The internal SiOH 

groups result from diffusion of water molecules into silica 

and their subsequent reaction with silica lattice to form 

two SiOH groups. This process becomes important above about 
( 59 ) 

100 °C^. At room temperature these internal silica 
groups do not form because of the low diffusion coefficient 
of water in bulk silica at this temperature. Schematic 
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diagrams of these hydroxyl groups are given in fig . 4(b). 

The surfaces of silicate glasses with additional 
components will probably have the same types of groups as 
pure. silica, modified by the following considerations. c ,f If 
other glass formers are in the glass network, they will also 
provide sites for hydroxyl groups. Thus AlOH, BOH and POH 
groups are likely. Monovalent cations in a silicate 
glass can exchange with water by the following reaction. 

HgO + SiOE"^ = SiOH + ROH (2.1) 

This reaction gives rise to SiOH groups at the cation sites. 
Internal hydroxyl groups are less likely in multicomponent 
silicate glasses because the diffusion of water molecules 
in the more dense structure of these glasses is retarded. 
However a hydrated layer can form more easily because of 
the above exchange reaction. When other glass formers are 
also present, apart from silica, it is possible that one of 
them will appear preferentially at the surface giving a 
distribution of surface hydroxyl groups different from what 
would be expected from the bulk composition. 

A large ntmber of experimental techniques^^^^ have 
been used to examine the glass surfaces apart from IE 
spectrosGopy^^®^, like electron microscopy^ ^ , electron 
microprobe^^”^ ^ and electron diffraction^ . A discussion 
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of other properties of glass surfaces such as surface tension, 
adhesion and wetting, cleaning, hardness, corrosion proper- 
ties, chemical dirrahility, adsorption of gases can he found 
in Ref. (60) and in a recent article hy Ernsherger^^^^ , 

2.3 Physical Adsorption and Reaction 

fhe nature of physical or chemical adsorption bn 
a glass surface is strongly dependant on the surface structure, 
fhe surface hydroxyl groups are the most important sites for 
adsorption and reaction. Water will he adsorbed on silica 
surface even at room temperature . Various other gases 
including oxygen react with the SiOH groups. Hydrogen and 
oxygen in glass determine its oxidation state and can reduce 
or oxidize ions in the glass. 

Water reacts with the Si-0 bond as follows. 

i ? : 

- Si - 0 - Si - + H^o = - Si - OH HO - Si - (2.2) 

I t 2 , j 

forming pairs of adjacent s Hanoi groups. These groups and 
the hydroxyl ions so formed are very immobile, even at 
1000°G, Thus water molecules must diffuse in and out of 
the silicate lattice to form or remoye these hydroxyl groups. 
In alkali silicate glasses, the water solubility increases 
with the alkali content. 
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Hydrogen also reacts with silica to form hydroxyl 
groups . In pure silica it occurs at higher teiiip>eratures or 
pressures. The reaction is 

‘i ( ! i 

- Si - 0 - Si - + Ho = - SiOH + H - Si - (2.3) 


In this case the rate of introduction or remoTal of OH 
groups is controlled by the diffusion of hydrogen molecules, 
which is much faster than the diffusion of the larger water 
molecules. 


Hydrogen can reduce ions in various oxide 
glasses to the atomic state, e.g,, Au, Ag, Pb, Bi and Sb 
oxides. At lower temperatures these reactions are often 
limited to layers of the glass near its surface because of 
the slow diffusion of hydrogen in the glass at these temper- 
at’ures. In addition, hydrogen can reduce the valence of 
an ion in glass without reducing it completely to the atomic 
state . 


2.4 formation of G-el layer 

Acid solutions tend to leach out metal oxides 
from glass surfaces leaving the more inert silica component 
behind and with chemically resistant glasses, (e.g., 
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soda-lime-silicate) the silica outer layer forms a- barrier 
to further attack. Some glasses may show a high rate of 
attack. With S'y.ch glasses the silica may remain on the 
glass in a porous state in ?/hich case the silica layer is 
likely to be in the form of a gel which can be easily removed 
from the surface. Russian workers advanced the theory^ ^ 
that silica gel was formed on a glass surface during polishing 
and that this layer was continuously removed by the cutting 
action of the particles of the polishing medium which were 
embedded in the polisher. The water absorbed in the pores 
of a pure silica gel may play a major role in the electrical 
conduction process. G-el layer on the glass surface can also 
form due to ion-exchange and hydrolysis of Si-O-Si bonds. 

2 . 5 Surface Conductivity 

The surface resistivity of clean glass in dry air 
will be very high| ohm/square or higher. The systematic 

investigation of surface conductivity was first done by 
Fulda (1927) who tried to find a correlation between the 
surface conductivity and the bulk composition of the glass. 

He attributed the conductivity values obtained to an 
electrolyte film formed on the glass surface in vfet 
atmosphere. Curtis (1915) investigated the humidity 
dependence and established that surface conductivity 
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increased with the humidity when the humidity is higher. The 
temperature dependence combined with humidity variation was 
investigated by G-utkin et al, ( 1952 ), The variation of 
surface conductivity vd-th humidity is shown in fig . 4 (a) 
for some of the glasses^^^^. The dotted line at the top 
indicates the order of additional insulation (w.r.t. surface 
a) which can be achieved by means of special s-urface treatments. 

2.5.1 Surface Layers and Surface Characterization 

Boksay^ ^ et al. did a series of experiments to 
find the relation between surface conductivity, the ion 
distribution profile and the leaching time. They concluded 
that the mobility of ions is considerably higher in the gel 
layer than in the interior of the glass. An estimation 
shows that the volume conductivity of the surface layer with 
an imchanged network exceeds that for the bulk glass by 
about 8 orders of magnitude. Tomozawa et al.^^®'^ have 
found that low frequency dielectric measurements can be 
used to characterize glass surface structure. 

A method has been developed by Wikby^^^^ to 
locate the high resistance layer by step wise dissolution 
and analysis of the sirrface layer combined with measurements 
of the resistance. Boksay et al.^ ^ studied the dependence 
of surface conductivity of 22 ira 205 . 5 Al 20 ^ 72 . 5 Si 02 (mole^) 
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glass on humidity. They observed that cr remains constant 
upto 60 % relative humidity and begins to increase appreci- 
ably at about 80 % relative humidity. Since the humidity 
has no influence on the electrical conduction when the vapour 
concentration is not too high, it appears plausible to 
assime that an interior layer insulated from the atmosphere 
is responsible for the constant surface conductivity. They 
also observed that no appreciable amount of gel layer 
formation takes place on this glass surface but only a 
slight loosening of the structure of the glass. The activ- 
ation energy of a vs. l/T plot was 0.30 eT which is less 
than half of the activation energy for sodium ion movement 
in the bulk glass. Hence in the stratun with an almost 
unchanged structure, the current is carried by species 
other than sodium ions. 

The interior stratum evidently contributes to the 
surface conductivity in the whole himaidity range. Thus the 
values in the humidity dependent region comprise of two 
terms. The additional term which depends on humidity is 
due to a layer exposed directly to the influence of the 
atmosphere. This coating if any, may be a very thin gel 
layer or a dilute electrolyte or both. Its contribution 
to the conductance decreases with loss in water and at a 
certain humidity value, the interior stratum becomes the 
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only conduction limiting factor. Between these conducting 
strata a barrier layer is located, which seems to be respo- 
nsible for keeping v/ater molecules away from the interior' 
stratum. Since the conducting strata represent almost 
negligible fractions in the cross section of the sample, 
but are predominant in the total conductance it is obvious 
that their volume conducti''/ities exceed that for the bulk 
by several orders of magnitude. 

2.5.2 Conduction by Protons 

Ihc surface layer displays high conductance in a 
number of experiments and high resistance in others. When 
we measure the conductance using a current parallel to the 
surface, parts of the layer act as parallel conductors in 
a circuit. In the resulting value, the contribution of the 
stratum with the highest conductance predominates while 
that for the resultant stratum is negligible. On the 
other hand ?/hen the field strength is perpendicular to the 
glass surface, the resistance of the layers are additive 
and so the two highly conductive layers have no influence, 
resulting in a high surface resistance. Thus the nature 
of the surface layer is complex within which both a high 
maximum and a deep minimum ino~’ can be observed. 
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The occurrence of the maximum located in the 
interior can he explained as follows . The increased a 
with low activation energy is due to the presence of penet- 
rating protons as charge carriers. The protons are thought 
to be present in hydroxyl groups bound to Si atoms and when 
migrating to jump from a hydroxyl group to a nearby terminal 
oxygen atom. Thus the conductivity increases with the con- 
centration of both the hydroxyl groups and the terminal 
03 {ygen atoms. Since the sum of these concentrations is 
constant, there is an optimum ratio of concentration at 
which the conductivity is greatest. 

Any deviation from the optimum ratio lowers the 
conductivity. As the hydroxyl concentration decreases ?fith 
increasing depth, and beyond the conductivity maximum 
finally tends to zero, the role of protons is taken over 
gradually by the less mobile sodium ions. This change 
leads to a reduced conductivity characteristic of the bulk. 
On the other side of the conductivity maximum interface, 
both the hydroxyl group concentration and the sodium ion 
concentration are at lower levels. Since the former is 
needed for the proton conduction and the latter is necess- 
ary for the sodium ion conduction, the overall a decreases 
rapidly with decreasing depth. This may be however a 
reasonable factor in the formation of the high resistance 
stratum. 
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Prom the above discussion it follows that the 
•underlying layers of glass influence the electrical conduc- 
tion to a great extent. Unfort'unately little attention has 
been paid so far to the development and state of the surface 
layers the condition of which may be rather uncertain, 
especially at the commencement of the interaction between 
glass and water. To avoid 'uncertainty and to obtain more 
relevant data, a controlled leaching procedure for glass 
samples prior to the electrical meas'urements is advisable. 

2.6 Conduction in Reduced Surface Layers 

A number of methods have been developed for 
obtaining highly conductive layers on glasses. These include 
metallizing procedures wherein Pt, Au or Cu salts are heated 
to reduction oh the glass, vaporization of metals such as 
Al onto the s'urface, firing silver oxide or metal powder on 
with the aid of auxiliary?- fltixes, etc. With these methods, 
control of the conductivity of the applied layer is not 
feasible, as the insulating natuire of the oxide surface will 
predominate upto the point where sufficient metal has been 
applied to give the s'urface the conductivity of the metal 
itself. This means that the S'urface will be insulating 
as long as the metallic particles are not in contact, and 
vrhen they are, conduction will be in the metal layer and 
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will depend solely upon its properties. &reen and 
Blodgett developed techniques for inducing conducti- 
vity in a th±a layer within the glass surface hy treating 

the glasses with hydrogen. The oxides of Pb, Bi and Sb if 

( 71 ) 

present in glass are readily reduced by hydrogen, fhe 
samples became black after treating with hydrogen at high 
temperature . In all cases it was found that ground surfaces 
develop lower resistance after hydrogen treatment than 
polished surfaces do . 

Blodgett who studied in detail a PbO-SiOg-BaO 
glass found that mere blackening of the surface after 
hydrogen treatment does not always impart conductivity to 
the surface layer. The amount of conductivity which is 
developed in a glass at any temperature T in hydrogen depends 
on the value of T and the entire hydrogen treatment given 
prior to the time at T (i.e,, the time spent at each lower 
temperattire through which the sample passed while being 
brought upto T). In order to separate these factors Blodgett 
did 2 sets of experiments? treatment in hydrogen at constant 
temperature and treatment in hydrogen at two or more 
temperatures. 

Curve A in fig . 5 shows how the end values of 
resistances vary with the tonperature of the hydrogen 
treatment, after 7 hours of treatment at constant temperatures. 
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The cur^e passes through a minimum at about 395°C» liter 
passing thorough the minimum the curve returns to the high 
value for imtreated glass at temperatures above 520°G. 

Curve B is a plot of the resistances obtained in 
which the sample was heated from 320°C to T in hydrogen by 
slow heating. The resistance values on curve B lie lower 
than the minimum of curve 1 although the length of time 
required for the B treatment v/ere only a small fraction of 
the 7 houns chosen for the A curve . Thus to develop conduc- 
tivity in glass the initial stages of the hydrogen treatment 
must be carried out at low temperature (favourable temperature 
range is 300-380 °C) , High temperature treatment alone 
produces no conductivity. The reason for this is explained 
in a later section. 

2,6.1 Effect of Composition on Conductivity 

?/ith PbO glasses the conductivity developed was 
found to increase with the BbO content. The surface resisti- 
vity of reduced glasses containing only PbO and SiO^ covld 
be represented by the formula 

logf^ = 0.0970 + 12.84 (2.4) 

where C was the mole % of PbO. Substitution of 8.3 mole % 

of BoO, for SiOo did not affect the above relation, but 
2 3 2 
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34 .8 mole % greatly increased Replacement of SiO^ 

by reduced the resistance. Pb 0 -Si 02 -Sb 20 ^ glasses 

showed low values when Sb^O^ content in the glass was 

increased . 

2.6.2 Theory of Conduction in Reduced Classes 

Green and B]_odgett^^^^ advance the following 
theory for electrical conduction in the reduced glasses. 

The oxides of Rb, Bi and Sb originally held in the random 

f 

oriented glass network are reduced to the free metal atoms, 
atid the hydrogen is removed as water. As the PbO content 
decreases, higher temperature is needed to produce the 
maximum number of Pb atoms which will contribute to conduc- 
tion. In glasses with lower percentage of PbO the Pb ions 
are held more tightly and consequently higher temperatures 
are needed to produce sufficient reduction enabling conduction 
in these as compared to thSrhigher percentage of PbO glasses , ^ 
wherein these ions are held more weakly. Hence in lead 
silicate glasses of high PbO content, the role of Pb ions 
is such as to weaken the continuous SiO^ networks, i.e., 

PbO acts as a network modifier. 

The two factors v/hich determine the resistivities 
of the reduced glasses are (1) the distance between the 
particles and (2) influence of the surrounding oxide lattice. 
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(1) Distance betv\reen the particles:- This parameter is 
determined by the temperature of reduction and also by the 
composition of the glass. The first factor can be clarified 
by considering the variations in resistivity of a given 
composition due to different temperatures at which reduction 
is carried out ( fig . 6). Dor temperatures below T^ , the 
forces binding the reducible ions in the networks are strong 
and not all are reduced. The average distance between 
conducting particles is hence greater than in the range 

(T^ ~ where a greater percent of the atoms have been 
formed. Consequently the resistivities will be lower if 
reduction is carried out below T^ . However, above T^, even 
though more ions may be reduced , the resulting atoms tend to 
aggregate into configurations more stable than the atomic 
dispersions. This process depletes certain zones of conducting 
particles and as the gaps between groups increase, resistivity 
increases . It can be assumed that the structures will sho?/ 
their maximum conductivities w'hen a maximum number of ions 
have been reduced and when the coalescence of these atoms 
into groups is at a minimum. 

(2) Influence of surrounding oxide lattices;- On the 
other hand, the conduction mechanism also depends on the 
nature of the continuous network as well as on the presence 
of other nonreducible ions which may be present. Due to 
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their positiTe ionic charges and their location in the inter- 
stices of the networks, the alkali ions in these electronic 
conductors interfere v/ith the movement of the electrons in . 
their jump from atom to atom resulting in an increased 
electronic resistivity of the glasses. The alkali ions may 
act as local electron traps which increase with the increasing 
alkali content . The result is that the free paths of the 
electrons are shortened and this appears at higher resisti- 
vities . 

Partial substitution of ^2*^3 SiO^ will have no 
pronounced effect on the conduction process. This is because 
the B-0 configurations directly replace SiO^ structures and 
consequently, bond types are not changed . The substitfCJlon 
of a Bi or Sb atom for a Pb atom reduces the resistivity 
obtainable. This may be due to the fact that the Bi or Sb 
ions being part of the continuous networks, when reduced to 
atoms, produce new gaps or voids in the structures through 
which electrons may jump. The chemical reduction of Pb ions 
on the other hand, would only eliminate the ionic forces 
with which these were originally held . 
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2.6.3 Effect of Heat Treatment 

The higher resistiid-ties can be explained by the 
tendency for the reduced atoms to aggregate if the glass is 
reduced over long periods at temperatures higher than a 
given range. On the other hand, the PbO glasses show 
decrease in resistivity, if after the initial reduction 
treatment, they are reheated to higher .temperatures in 
hydrogen for short periods . This effect is due to the 
further reduction of ions which withstand the initial 
treatment. Since the reheating times are of short duration, 
further aggregation of the atoms is restricted. 

It is observed that glasses with mixture of two 
or more oxides are reduced readily and when reduced are more 
stable as regards aggregation of the resulting atoms, than 
those with a single oxide only. 

2.7 Ion-Exchanged and Reduced Glasses 

When a glass is immersed in a molten salt bath, 
ions move in and out of the glass due to an ion-exchange 
mechanism occurring at the glass-salt interface. If the 
exchange is carried out at a temperature above the glass 
transition temperature T^, the network of glass expands or 
contracts to accommodate the size difference of the ions; 
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When the exchange temperature is lower than T , such an 

(72) 

adjustment of the net?rark is not fully possible . The 
result is the appearance of stresses in the glass. If the 
salt bath ions are larger than the host ions in the glass, 
the strength of the glass increases due to a resultant 

compression layer in the surface of the glass. 

(7 75 ) 

Chakravorty and Murthy * ' carried out 

switching and micro structural studies of glasses belonging 
to the system NagO - ^ 20 ^ - SiOg - Bi^O^ and ]lla 20 - ~ 

SiOg - Sb^O^, after ion-exchanging them with Ag"^ (Na'f-'-- Ag‘) 
and reducing by hydrogen. The ion-exchange was carried out 
by immersing specimens in a molten bath of AglTO^ and keeping 
at 330°G for 6 hours. Reduction treatments ?;ere carried out 
in the temperature range 250-400°C over periods extending to 
1 6 hours . 

The surface resistances of all virgin specimens as 
well as ion-exchanged ones were higher than ohm/square . 

The ion-exchanged and reduced specimens developed high 
surface conductance, of the order of a few ohms. The conduc- 
tance induced in the glass surfaces after the ion-exchange 
and reduction treatments increased with the amount of H'a 20 
present in the virgin specimen. 

(73) 

The micro structural studies indicated that 
the virgin surface of Bi 20 ^ glass consists of a dispersion 
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0 

of spherical particles with diameters of 50-250 A, embedded 

in a glassy matrix. These particles were identified to be 

metallic Bi. After ion-exchange and reduction larger 

0 

particles with a maximum diameter of about 2000 A were 
found to appear in the glass matrix which v/ere identified to 
be metallic Ag. 

The micro structural characteristics of Sb 20 ^ 
containing glasses showed that the droplet phase in the virgin 
specimen was rich in Sb phase which however was not in 
metallic state . The ion-exchanged and reduced specimens 
had a structure consisting of fine droplets of diameter 
50-100 A. 

2.7.1 Conduction in Ion-Exchanged and Reduced Glasses 

The conduction in containing silicate glasses 

can be explained by the presence of droplets of in the 
ion-exchanged and reduced glasses . The electronic conduction 
may be due to the hopping of the electrons betv/een the 
conducting islands of Si . The activation energy for 
electron hopping in such a situation has been shown by 
Feugebauer and Webb^ ' ^ to be given by 0 = (e/lcr) where 
0 is the activation energy for electronic conduction, 
e is the electronic charge, k is the dielectric constant 
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of the glassy matrix aad r is the diameter of the conducting 

island . Ass-uming k = 6 and a distribution of activation 

energies in the range .02 to 0.3 eV (determined by variation 

of a with T), we get a range of r values extending from 
0 0 

10 A to 150 A. This is consistent with the microstructural 

features of these glasses. 

Memory switching wa*s observed in the surface layers 

of glasses stibjected to ion-exchange and reduction treatments 

ss -.veil as in the bulk specimens of the glasses belonging 

to the system SiOg - ^2*^3 “ ®^2^3 ~ NagO^"^^^ and Si02 - 

( 77 ) 

~ ^^2^3 “ • -^Iso, glasses containing Sb20^ 

show interesting electrical properties after ion-exchange 
and reduction of the surface or just reduction of the surface 
by hydrogen. 

Since arsenic also belongs to the V group of the 
periodic table , it was thoiAght it v/ould be interesting to 
study the incorporation of -^^ 2^3 system Si02 - ^20^ - 

Na20 and to see whether these glasses also exhibit similar 
behaviour. The present investigation concerns with the bulk 
and surface electrical properties of alkali borosilicate 
glasses containing As 20^. 




SURFACE RESISTIVITY AS A FUNCTION 
OF RELATIVE HUMIDITY AT 20°C. 






TMENT (Schematic) 
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CHAPTER 5 

OBJECTIVES OP IH-VESTIGATIOH 

It has been observed earlier that soditiin boro- 

( 74 ) in') 

silicate glasses containing Bi20^ or Sb20^ show 
memory type of switching after (Ha*^^ Ag"*”) ion exchange and 
reduction treatment. However no v/ork has been reported on 
the effect of introducing As20^ into Ha20 - ^20^ - Si02 
glass matrix. The present investigation was undertaken to 
study the basic mechanism of conduction in the glass system 
Ha^O - B20^ - Si02 - -^^2^3 make an assessment of the 

influence of ionic and electronic transport on the overall 
conductivity characteristics of these glasses. 

Also, it was observed that the variation of 
surface conductivity with temperature of Sb20^ containing 
glasses upon surface modification by ion-exchange and 
reduction or simply upon reduction is veiy peculiar. Surface 
resistivity measurements of As20^ containing glasses were 
undertaken to find out whether similar behaviour is observed 
for these glasses . 

The objectives of the present investigation were 


to study the following: 
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(1) Variation of bnlk resistivity of glasses with 
temperature 

(2) Variation of surface resistivity of virgin glasses 
with temperature 

(3) Variation of surface resistivity of reduced glasses 
v/ith temperature 

(4) Variation of surface resistivity of ion-exchanged 
and reduced glasses with temperat-ure 

(5) Switching effects in these glasses 

(6) Optical absorption properties of these glasses. 
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CHAP(rBR 4 

EXPBRIMTAl. DETAILS 

4 . 1 Preparation of G-lass 

G-lasses belonging to' the system Si02 ~ " 

ira20 - As^O^ were prepared. The compositions are shown in. 
table 1 . Starting materials for ^2^3 N"a-20 were H^BO^ 

and FagGO^ respectively. Reagent grade chemicals were used. 
Calculated amount of all the components were mixed thoroughly 
using acetone . The dry mixture was transferred to an 
alumina crucible and heated in an electric furnace fitted 
with globar rods, in which a maximum temperature of 1400°C 
could be reached. Except gl^s no. 1 all the glasses could 
be melted in the temperature range 1250-1400°C. The glasses 
were melted for one hour to ensure homogeneity. Molten 
glasses were very viscous even at the highest temperature. 
Glass plates were cast from the molten glass free from air 
bubbles by pouring glass melts into alumina molds. The cast 
glasses were transferred quickly to a furnace at 450°C for 
annealing (the glasses were f-umace cooled) . Glass no . 1 
had a higher m.p. (about 1450°C) . It was melted in a gas 


fired f-umace . 
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Some attempts were made to incorporate As metal 
into SiOg - - Fa^O base glass. The powdered base glass 

was mixed with calculated quantity of As metal ( 99 % pure) 
and the mixture was talcen in a double v/alled quartz tube 
which was sealed after evacuation. The sealed tube was 
heated in a furnace at a temperature of about 900-1000 
for 24 hours with inteimittent shaking . When the quartz 
tube was taken out to room temperature, many tinBS the As 
metal could be seen as separate coagulated ma.ss .. More often 
the Fa 20 in the glass would attack quartz tube . Many 
attempts were made to incorporate ,As metal into base glass 
but such attempts were not successful. 

4 .2 Sample Preparation 

4.2.1 lor Bulk Conductivity Measurements 

After annealing the plates, specimens of dimensions 
2 cm X 1 .5 cm X 1 cm were cut and the surfaces ground and 
polished using silicon carbide grit of different mesh sizes 
(120, 240, 400, 600 and 800) to thicknesses approximately 
0.5 to 0.8 mm. The specimens were unifoim in thickness to 
within +0.02 mm. Silver electrodes were applied on both 
sides by painting silver paste (supplied by IT?!, India) 
and thin copper wires were stuck on to the silver electrodes. 
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After the silver paint dried, the specimens were sandwiched 
between two glass slides using araldite . For the electrode 
system, a guard ring arrangement was used. 

4.2,2 For Surface Conductivity Measurements 

For the preparation of ion-exchanged and reduced 
specimens, glass specimens having dimensions approximately 
! o cm I}C ! cm X 0,5 cm were cut and polished using 120 mesh 
size silicon carbide powder. Specimens were iimaersed in a 
molten bath of AglTO^ contained in a pyrex crucible and the 
bath v/as heated to about 320 °0 in an electrically heated 
furnace for a. period of 6 ho'ors, for (ITa"^:::^. Ag"*”) ion-exchange 
to occur. Ihe furnace used was a horizontal one, having 
eanthaJ.. wire turnings for electrical heating. After the 
diffusion run, the specimens v/ere kept under running water for 
24 hours to remove completely any AgFO^ sticking to the glass 
surface. 

After ion-exchange treatment of the sample, reduction 
treatment was carried out at about 340°C for 12 hours by 
passing h^’^drogen over the samples . The flow rate of hydrogen 
was 100 c.c./iiiin. (the same horizontal furnace was used). 

Virgin glasses (virithout any ion-exchange treatment), 
after polishing with 120 mesh size silicon carbide po?/der 
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were also reduced at 340 °C by following the same pcocedure 
as described above. 

lo these samples, (ion-exchanged and reduced and 
simply reduced) parallel electrodes were attached on one side 
using silver paste and copper wire, with a gap of approxi- 
mately 0.6 to 1 mm at the centre. 

Eor measuring the surface conductivity of virgin 
samples, parallel electrodes were attached to the samples 
after polishing with 120 mesh size silicon carbide powder. 

4 .3 Resistivity Measurements 

Bulk conductivity and virgin surface conductivity 
measurements were made in the temperature range 0 to 400 °C. 
Bor ion-exchanged and reduced and simply reduced samples the 
measurements were made in the temperature range 0 to 340°G 
only. It v/as not possible to do measurements below 0°C, as 
the resistances were very high below 0°G, Since reduction 
treatments were carried out at 340 °G, for ion-exchanged and 
reduced and simply reduced specimens, measurements were 
carried out upto 340°C only, to avoid any effects which may 
result from the heat treatment given to the sample by 
heating it beyond the temperature at which heat treatment 
was given to the sample during reduction of the sample by 
hydrogen . 
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4 .3 *1 Higb. Temperature Measurements 

lor high temperature resistivity measurements, the 
sample was kept in a horizontal furnace provided with a 
temperature controller. The sample was surrounded by a 
metallic tube and the tube was earthed for better shielding. 
The schematic diagram of the circuit used is shown in fig . 7. 
ECIL Digital Picoammeter, (BA813A, which can measure currents 

—3 —"1 "I 

in the range 10 to 10 amperes) was used to measure the 
current flowing in the circuit. At every temperature (at an 
interval of 10 to 20°C) the current vs. voltage across the 
specimen were noted over a decade of voltage and the sample 
resistance was calculated from the slopes of the linear ?-I 
plots . Temperature was measured using a potentiometer and 
chrome-alumel thermocouple . 

4.5.2 Low Temperature Measurements 

The same circuit, as used for high temperature 
measurements was used. To attain steady temperatures below 
room temperature, a set up as shown in the fig . 8 was used. 
Liquid nitrogen was taken in a 5 litre dev/ar. A metallic 
tube (A1 . tube) was mounted on top of dewar and the gap 
was closed by quick fix. A heating coil vroimd on mica was 
kept at the bottom of dewar. Liquid nitrogen was heated 
by applying voltage with a,variac. Different rates of 
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evaporation of liquid nitrogen could be obtained . The sample 
was inserted inside the tube mounted over dewar so that it 
was near the mouth of dewar. The evaporating nitrogen cooled 
the sample while passing out of the tube. Different steady 
temperatures could be obtained. Resistances were measured 
at different constant temperatures. 

4.4 Switching Properties 

Switching properties were measured for some of the 
glasses at room temperature and higher tempera tuies . The 
circuit employed was the same as shown in fig . 7. A high 
resistance (10^ ohm) was connected in series with the sample 
to control the current in the OH state of the glass. The 
OH state characteristics were recorded using Hewlett- 
Packard recorder. 

4 . 5 Optical Absorption Spectra 

Optical absorption spectra were recorded using a 

Cary-14 spectrometer. The samples were polished to a 

thickness of 0.3 to 0.5 mm. Absorption spectra vmxe 

0 

recorded in the wavelength range 2000-6000 A for different 
glasses. Absorption spectra for some of the thin reduced 
specimens were also recorded . 



4 .6 Transport Uiimber Measurements 


-An attempt was made to measure the transport number 
for some of the glasses by Tubandt method^ ' ^ . Transport 
number is defined as the ratio of current carried by a ' 
particular species to the total current carried by all the 
species 

To carry out the measurements, 3 samples of the 
same glass of uniform dimensions (approximately 1 cm x 1 cm x 
0.1 cm) were tahen and polished till the surfaces became 
very flat. One surface of the glass was coated with silver 
paste for two samples for making electrical contacts . 13.1 

the 3 samples were weighed individually. The three samples 
were stacked one above the other with the silver coated 
surfaces of the 2 samples forming outer surfaces. The 
assembly v/as kept in a sample holder. The sample holder ms 
kept in a vertical furnace and current was passed at about 
400°C for a period of 24-48 hours. The total charge passed 
through the circuit was measured with a silver coulometer. 

The current passing in the circuit was measured by noting 
down the voltage drop across a standard resistance. The 
samples were weighed again after passing the current . 

For a single alkali glass the transport number 
t|^ of the alkali ion R is given by 


*R " ^ 


m 


m 


% 


% 


(3.1) 
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where m = mass lost by the silver coated anode glass disc 
mj^ = mass of silver deposited in the coulometer. 
and E-^ are the electrochemical equivalent .wei^ts . The 
?/eight of an element deposited when a current of I amps, is 
passed for a period of t seconds is given by 

w = ItE (3.2) 

where S is the electrochemical equivalent \Yeight- For t = 

50 hoinrs and for Fa ions with E = 0.24 x 10”^ gm/coulomb, 
we get 

w — 30 I (5.3) 

From the resistivity* vs. temperature plots of various 
glasses ( fig . 9) we knov/ that even at 400 °C 5 the resistances 
of all the glasses are more than 10^ ohm. For an applied 

7 

voltage of 100 volts and a total resistance of 10 ohm in 

-5 

the circuit", current through the samples will be 10 amps. 

Hence mass lost by the anode glass will be appro - 

-4 

ximately 3 x 10 gms. Detection of such small changes in 
weight ia very difficult, by usual methods. Fo weight change 
in the anode glass was detected even after passing the 
current for 50 hoiors and hence transport number could not 
be measured, for any of the glasses. 
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4-7 DTA Studi es 

DTk was carried out using 'MOM Derivetograph’ from 
room temperature to 500°G. Rate of increase of temperature 
was 5°/min. Pj.atinum-platinum/rhodium thermocouple and 

reference material were used in the investigation. 
DTA curves were recorded for powdered glasses. 
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TABIE 1 

The chemical compositions of the glasses 
chosen, for the present investigation 


r“ 

! 

Glass f 

Yin ^ 



Composition 

in mole % 



iv C • { 

f 

f 

1 

f 

T 

SiOg 

! 

T 

1 

1 As^O^ 

- .1. . 

t t 

i Na20 i 

1 - t 

PhO 

t 

{ ZnO 

t 

1 - 

1 

64 

18 

8 

10 

- 


2 

60 

27 

8 

5 

- 

- 

J 

60 

29 

8 

3 

- 

- 


60 

31 

8 

1 

-* 

- 

5 

60 

31 

6 

3 

- 


6 

6 

19 

1 

- 

60 

14 






mm 
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CHAPTER 5 
RESULTS 

The temperature variation of resistivity of glasses 
as described in Chapter 1 is given by the expression 


? = fn 


(E/kT) 


(5.1) 


where E is the activation energy for conduction and is 
a constant. Erom the plot of log ^ vs. 1/T, obtained by 
measuring resistivities at different temperatures, the 
activation energy E can be deteimined . 


5.1 Bulk Resistivity Measurements 

Bulk resistivities were determined in the temper- 
ature range 30-400 °C for different glasses . Logarithm of 
the resistivity as a function of inverse of the absolute 
temperature is plotted in fig . 9 for glass nos'. 1, 2, 3, 
and 5. -All the plots are straight lines. The activation 
energy E was calculated using the standard least squares 
method of fitting the data, for each glass. These values 
are given in table 2 . The variation of activation energy 
for all the glasses as a function of mole % of Ha^O is 
shown in fig . 10 . The activation energy for theselglasses"’'-’'--''^' 
decreases with Ha 20 content of the glass. 


« n'- * 

■ 4 r. # u - 




■••4 

46894 * 


■ y % 'Is >? 
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5.2 Surface Eesist.i'grity Measurements 
5.2.1 Virgin Glasses 

Surface resistances of irirgin glasses with no 
ion-exchange or reduction treatments were measured in the 
temperature range 0 to 400°C, both while heating and cooling 
the sample. Surface resistivities were calculated from these 
values by using the relation E "b/w, where R is the specimen 
resistance in ohms, ^ is the surface resistivity in ohms/ l 
square, t is the separation between the electrodes in cm. 
and b is the width of the electrodes in cm. In each case 
plots of log ^ (ohm/D ) vs. l/T were made, from which 
activation energies were calculated, which are given in 
table 2 . 

The variation of stirface resistivities with 
temperature are shown for all the glasses in figures (11-15)j 
where plots of log ^ (ohm/square) vs. 1/T are made. All 
the glasses show somevi^hat peculiar but similar variation of 
resistivity with temperature e.g., for glass no. 1 ( fig . 11), 
the resistivity near room temperature (37°G) is 5*30 x 
10^^ ohm/O . It increases sharply to a value of 4.01 x 10^"^ 
olcm/u , as the temperattire of the sample is lowered to 
24 °C. Again, the resistivity of the sai^ile increases, as 
it is heated above room temperature, reaching a maximum 
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1 -Z ■* 

value of 3*34 x 10 ohm/Oi at 59°C» B'or f-urther rise in 
temperature, the resistivity starts falling. Resistivities 
were measured while cooling the sample also. Resistivity 
values in cooling cycle agree with the resistivity values 
of heating cycle. The dip in resistivity observed near 
room temperature is common to almost all the glasses studied. 
Ror other glasses, the resistivities determined in the 
cooling cycle do not agree with the resistivities determined 
in the heating cycle, and in general they are slightly 
higher than the resistivities of heating cycle. 

Glass nos. 3, 4 and 5 show a rise in resistivity 
against about 280-300 °C, showing a second maximum in 
resistivity plot. Hovrever this peak was not observed during 
cooling cycle for any of the glasses . 

Resistivity measurements were made on a sample of 
glass no. 5 a.fter giving 12 hoiirs of heat treatment at 120°G 
(6 hours before putting the electrodes, and 6 hours after 
putting the electrodes). Though this glass showed a maximum 
in resistivity at about 115°C, it did not show a maximum at 
higher temperatures, as observed in the case of a sample of 
the same glass, for which no heat treatment was given. 

The characteristic features of log f vs . l/T 
plots for surface resistivity measurements of all the glasses 
are tabulated in table 3 . The table gives the resistivity 
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near room temperature, the temperature and resistivity below 
room temperature at which the imximum resistivity was 
meastu'ed, the temperature and resistivity at which the 
maximum resistivity occurs as the sample is heated above 
room temperature and the temperature at ?/hich the second 
peah was observed. 

5.2.2 Ion-Exchanged and Reduced (lEE) Glasses 

^1 the glasses vrere first given ion-exchange 
Ag"*”) treatment for 6 hours at 320^0 and later 
reduced by hydrogen at 340°C for 12 hours. Surface resisti- 
vity measurements were made for all the samples in the 
temperature range 0-340°C . In each case plots of log P 
(ohm/T; ) vs. 1/T Y/ere made. Activation energies of different 
linear regions in the graph were calculated. These values 
are given in table 2 . 

The variation of surface resistivities with 
temperature are shown for all the glasses in figures ( 16-20) . 
Ion-exchanged and reduced glasses also show the same kind 
of variation of resistivity with temperature, as shown by 
virgin glasses e.g. , for ion-exchanged and reduced glass 

no. 1 the resistivity near room temperature (33°C) is 

12 

4.97 X 10 ohm/o , which increases to 3.37 x 10 ^ ohm/D 
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as tlie temperatirre is lowered to 2°C. This increase is not 
very sharp, unlilce in the case of virgin surface resistivity 
variation of the sane glass (fig.. 11). As the sample is 
heated above room temperature, the resistivity starts 
decreasing. In cooling cycle the resistivities are somev^hat 
higher than jr. the heating cycle. 

But other IBE glasses show a maximum- in resistivity 
as the sample is heated above room temperature Glass nos-w 
2, 3 and 5 shov/ a maximum at about 130-160°C whereas glass 
no. 4 shows a maximum at about 51°C. Bor glass no. 4 the 
resistivity decreases very fast after 51 °C, as the sample is 
heated above this temperature. 

Hone of the lER glasses show a maximum in resis- 
tivity at about 300 °0 (which was observed in the case of 
virgin glasses), except glass no. 2 which shows a small hump 
at about 270 

It is important to note that whereas for virgin 
glasses the maxima in resistivity occurred in the temperature 
range 110-130°G, the maxima for lER samples occur in the 
temperature range (130-160°C), except for glass no. 4 which 
shows a maximum at about 51 °C. 
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5.2.3 Reduced G-lasses 

Reduction treatments were given to the specimens of 
all the glasses hy passing hydrogen over the samples at 
340°C for 12 hours. Surface resistivity measurements were 
made for all the samples, in the temperature range 0 to 
340°C and plots of log f (ohm/C ) vs. 1/1 were made. 

Activation energies of different regions of the curves were 
calciiLated, which are given in table 2 . 

The variation of surface resistivities with 
temperature are shown for all the reduced gla.sses in figures 
(21-26). The behaviour of all the glasses is in general 
similar to the behaviour of virgin glasses and lER glasses, 
except for a fev/ differences. Taking glass no. 1, a,s an 
example, we see that, ( fig . 21) its room temperature (37°C) 
resistivity is 4.11 x 10 ohm/o , which increases sharply 
as the temperature is lov/ered below room temperature, reaching 
a resistance of 4.26 x lo"^*^ ohm/a at 11°C, As the sample 
is heated above room temperature, the resistivity increases 
rapidly reaching a maximum at 79°C. The resistivity at 
79 is 1.05 X lo”^^ ohm/o . During the cooling cycle the 
resistivity values are slightly higher. 

Glass nos. 4 and 5 show a rise in resistivity 
again at about 260 °C, showing a second maximum in resisti- 
vity. Again this peak was not observed during cooling 
cycles for both the glasses. 



57 


The maxima in resistivity for reduced glasses 
occur in the temperature range 70-1 10°C, which are lesser 
than the tonperature range in which maxim for virgin 
glasses (110-130°C) and lEE glasses (130-160°C) occur. 

The resistivity measurements were carried out on 
a PbO glass of composition 6 given in table 1 . in the temper- 
ature range 50-200°C. (This glass melts at about 800°C. The 
reduction treatment was carried out at 200°C) . The plot of 
log f vs . l/T for this glass is shown in figure 26 . The 
resistivity of this glass goes on decreasing as the tempera- 
ture ;;;’of the sample is increased. It did not show any 
maximum in resistivity in the above temperature range. 

5.3 Switching Studies 

I-Y characteristics of lER glass nos. 2 and 3 and 
biolk glass no , 1 were studiedbelow room temperature and also 
at higher temperatures . 

lEE glass no . 2 showed threshold type of switching 
at about 28°C . I-V characteristics of this glass at 28°C 

are shown in figures (27-29). It switches from OEE state 

1 1 ' 5 ' 

(resistance, TO ‘ ohm) to OU state (resistance, 10^ ohm) at 

about 7 volts during the first two cycles. The I-V 

chararact eristics were recorded using a recorder. Square 

wave pulse was applied to the specimen, and switching 
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was observed on an oscilloscope. After applying square wave 
pulse, the switching was found to be more stable. I-V 
characteristics were recorded again using the recorder for 
20-30 cycles. It showed stable switching at about 15 volts, 
as shown in the figure 29 . However, this specimen of glass 
no . 2 did not show any switching at higher temperatures upto 
350° 0 even though high voltages upto 1000 volts were applied. 
A kilowatt power supply was used to apply high voltages . 

I-? characteristics of lEE glass no. 3 and bulk 
glass no. 1 were also studied at room temperature and also 
at higher temperatures upto 350° 0, applying voltages upto 
1000 volts. The samples did not break even though such high 
voltages were applied. I-V characteristics of these samples 
were found to be nonlinear. I-V characteristics of lER 
glass no . 3 at different temperatures are given in figure 30 . 
and 51 . 

5.4 Ootical Absorption 

Optical absorption curves were recorded for thin 

specimens (0,5 mm thick) of all the glasses and for a few 

0 

reduced samples in the waveleiagth range 2500-6500 A. U.V. 
absorption was observed for all the specimens in the wave- 
length range 2800-3100 A. 
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Prom the recorded absorption densities, the 
absorption coefficients were calcxxLated at different wave- 
lengths, using the relation 


a 



-1 

cm 


(5.2) 


where x is the thickness of the sample and I is the trans- 
mitted intensity. Usually for chalcogenide glasses, the 

optical absorption edge is taken as the energy of the 

_1 

wavelength corresponding to a 10 cm . A more justifiable 
procedure is to estimate an optical gap by attempting to fit 
the absorption curve above the exponential edge to the 
standard formulae for optical transition in semiconductors. 

By the reasons g^ven by Tauc et al. a plot of (ah>‘)^ 

vs . h y gives by extrapolating the linear part of the 

curve . 


Plots of (nhy 'VB. hl^ were made from the 
absorption curves recorded for all the samples ( fig . 32). 
Optical gaps thus obtained lie in the range of 2.8 to 3.1 eY. 
fable 4 gives the optical gaps for all the samples . 


5.5 Bf A Studies 

DTA cuives for glass nos. 4 and 5 are shown in 
figure 32 ( a) . Por both the glasses a simrp minimum is 
observed at about 160°C. Por glass no. 4 another well 
defined dip is observed at about 190 °C. 
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X TiBLE 2. 

AetiYatlon energies E calculated from log f vs. l/T plots for 
different regions of the curves for glasses studied, as 
computed using least Squares Method 


f 

T 

Glass !Eig. 
Ifo . JUo . 

I 

f 

t 

t 

1 

t 

1 


T 

{Temperature 

region 

Region 

f 

, Activation {Standard 

{for which E 

is 

marked , 

energy 

{deviation 

{calculated . 


on the 

eV 

1 

T 

! 

1 Range of 

1/T 

graph j 

1 


f 

! »■* 

{Prom 

j 

To 

1 

1 


! 

1 

1 


I BULK GOEDUGTIYITY 


1 

9 

1.65 

2.60 

(a) 

0.85 

.006 

2 

9 

1 .55 

2.35 

(b) 

1 .27 

.02 

3 

9 

1.4 

2. 15 

U) 

1.40 

.06 

5 

9 

1.4 

2.15 

(d) 

1.43 

.04 


II SUHEAGS GOIIDUOIIVITY 


1 

2 

3 

4 


A. Virgin Glasses 


11 

1 ,6 

3.0 

(a) 

0.90 

.003 


3.2 

3.4 

(b) 

2.50 

.68 

12 

1.5 

2.5 

(a) 

1 ,01 

.03 


2.5 

3.0 

(b) 

-1 .00 

.22 


3.25 

3.45 

(c) 

4.18 

1 .19 

13 

1.9 

2.5 

(a) 

0.76 

.06 


3.25 

3.4 

(b) 

4.77 

1.39 

14 

2.6 

3.2 

(a) 

-0.99 

.18 


1.9 

2.5 

(h) 

0.53 

.10 


3.25 

3.4 

(c) 

7.47 

.99 

15 

1.9 

2.5 

(a) 

0.82 

.04 


3.28 

3.5 

(b) 

5.32 

1.29 


1 .5 

2.5 

(c) 

0.75 

.03 


5 
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TABIiE 2 (Continued) 


f 

Glass 

Wo . {Wo . 

! 

! 

f 

1 

Temperature region 

Region 

f 

Activation {Standard 

for which E is 

marked j 

energy {deviation 

calculated . 

Range of 1/T 

on the 
graph 1 

el { 

f 

1 

I 

! 

Erom To 

1 

i 

t_ 


1 

2 

3 

4 

5 

1 

2 

3 

4 

5 


16 

17 

18 

19 

20 

21 

22 

23 

24 

25 


Ion-Exchanged and Reduced Glasses 


1 .6 

2.6 

(a) 

0.81 

.03 

2.9 

3.6 

(6) 

0.84 

.04 

2.6 

3.1 

(a) 

-1.68 

.19 

1 .9 

2.5 

(b) 

0.81 

.04 

1 .8 

2.4 

(a) 

0.65 

.04 

3.25 

3.35 

(b) 

6.28 

1.55 

2.2 

3.1 

(a) 

1 .11 

.04 

3.25 

3.45 

(b) 

6.24 

.86 

2.1 

2.8 

(c) 

1.58 

.07 

1.6 

2.3 

(a) 

0.95 

0.03 

3.25 

3.6 

(b) 

1 .70 

0.19 


C . Reduced 

Glasses 



1.6 

2.8 


0.91 

.002 

3.23 

3.5 

(b) 

1.88 

.33 

1 .6 

2.6 

(c) 

0.98 

.01 

2.8 

3.25 

(a) 

1 .88 

.20 

1.6 

2.5 

(b) 

0.96 

.03 

3.25 

3.5 

(c) 

3.26 

.77 

1.9 

3.2 

(a) 

0.75 

.05 

3.2 

3.35 

(b) 

3.69 

.32 

1.6 

2.5 

(c) 

0.86 

.04 

2.7 

3.2 

(a) 

-1.02 

.11 

1.9 

2.6 

(b) 

0.60 

.03 

3.3 

3.4 

(c) 

8.23 

.95 

2.2 

2.9 

(a) 

0.76 

.03 

3.25 

3.45 

(b) 

2.5 

.44 

2.0 

2,6 

(a) 

0.92 

.04 

2.0 

2.6 

Cb) 

1.07 

.01 


6 


26 
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CHAPTER 6 

DISCUS SIOH 


6 . 1 Bulk ResistiYity 


f- 

Por Bulk resistivity log ^ vs. l/T plots are all 
straight lines for all the glasses in the temperature range 
for which resistivities were measured ( fig . 9)- Resistivity 
decreases with increase in mole % of Na 20 in the glass. 

Thus glass nos, 3 and 5 (with 3 mole % of Na20) show highest 
resistivity throughout the temperature range 1 00-400 °C 5 
whereas glass no. 1 (with 10 mole % of Na^O) shows lowest 
resistivity. The activation energies are of the same order 
as for other alkali glasses and decrease with the increase 
in Fa20 content of the glass ( fig . 10) . These facts 
indicate that conductivity in these glasses in the above 
temperature range is due to the motion of alkali ions. At 
higher temperatures there is slight deviation from linearity. 
Thismay be due to polarization at the electrodes. 

We can make an approximate calculation to see the 
order of decrease in resistivity with iticrease of Na 20 

( 1 5 ) ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 

content of the glass, by using Stevels expression for 
the variation of resistivity with temperature , 





6kT (E/kT). 

5 — e:^^ ‘ *■ 

b T) fi n 


( 6 . 1 ) 
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where V is the vibrational frequency, b is the number of 
adiacent wells an ion can jump into, t) is the average jump 
distance, n is the number of mobile ions/c’.c. and S is the 
energy barrier . 

The activation energies for glass nos. 1, 2 and 3 
by d.c. measurements are 0.85, 1 .27 and 1.40 eV respectively 
( table 2 ) . 

If the resistivities for glass nos, 1 and 2 at a 
tempera tu 2 ?e T°K are and ^ and if we assume for a moment 
that all the terms in the preexponential factor of equation 
(6.1) are the same for glass nos. 1 and 2 we get 


? 

fa 


n. 


n. 


exp 


(E/E^) 


( 6 . 2 ) 


Substituting for and ^2 (f^rom fig. 9, taking ^ values 
for 1/T = 1 . 925 ) and above values for E^ and E 2 we get, 


n, 


n 


^ = 1.09 X 10“^ 


(6 .3) 


Similarly for glass nos, 1 and 3 we get 


n' 

n. 


^ = 2.02 X 10 ^ 


(6.4) 


By knowmg the molecular weight of the glass we can calculate 
the ninaber of sodium -atoms present in the glass per c.c. 
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Ratio of number of Na atoms in glass no. 2 
(5 mole % JIagO) to the number of ITa atoms in glass no. 1 
(10 mole % Ha^O) is 0.495. 

. Ratio of number of Na atoms in glass no. 3 (3 
mole % NagO) to the number of Na atoms in glass no, 1 is 
0 . 296 . 

Ihe ratios of Na atoms in equations (6,3) and (6.4) 
are orders of magnitude smaller than the ratios of Na atoms 
calculated by molecular weight. But our calculations here 
are very approximate . Actually ^ , b and t] in equation 
(6.1) change with the composition of the glass. As ISgO 
content of the glass is increased, the vibrational frequency 
■y and the number of adjacent wells b decrease, but the 
average jump distance B increases. If we take into account 
these variations also, the ratios of la atoms calculated by 
Stevels model may approach the ratios calcifLated by molecular 
weight. 

6.2 Surface Resistivity 
6.2.1 Virgin Glasses 

The virgin surface conductivities of all the 
glasses are shown in fig . 33 for comparison. All the 
curves can be divided into 4 distinct regions as shown in 
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the figiire. In region I (low-temperature region) the resis- 

tiid-ties of the glasses increase as the temperature is 

lowered below room temperature . In region II the resistivi- 
increase 

ties/as the temperature is jncreased above room temperature, 

showing a negative activation energy. In region III the 

resistivities decrease as the temperature /increased further. 

In region IV, the resistivities of glass nos. 3s 4 and 5 sho¥/ 

some peculiar behaviour. A second pealc is observed in this 

region. The conduction mechanisms in different regions of 

these curves are discussed below. 

A.S discussed in Chapter 2, the surface resistivity 

14 

of clean glasses in dry air will be of the order of 10 
ohm/o. . The low resistivity observed at and slightly above 

room temperature in region II mast be due to some external 
factors. 

Experiments done by various workers ( fig . 4» also 
ref. 67) indicate that surface conductivity is increased 
drastically if the humidity content of the ambient is higher, 
lizima et al.^ ^ measured the surface conductivity of 
As-Te-Ge system after subjecting the surf ace of the glass 
to heat treatment, by boiling in Y/ater. In the temperature 
range 20-90 °C 5 they observed a negative activation energy 
for surface conduction. They attributed this to the 
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formation of a conductive surface layer induced by water 
contained in the ambient. Hence it is possible that in the 
case of AsgO-i; containing glasses also, v/ater molecules 
adsorbed on the surface do play a role in determining the 
surface conductivity. During the period in which experiments 
were done, % relative humidiiy of the ambient was 50-6 5?^. 

It is also knov/n that SiOH groups occur on the 
surface of glasses and also that Ha ions present in glass 
react with water to form an electrolyte film on the surface. 
The underlying layers of glass also influence the surface 
electrical conduction to some extent. During polishing a 
gel layer will form on the surface of the glass. 

If we assume the presence of water molecules on the 
surface of passes, the increase of resistivity with temper- 
ature in region II can be explained as due to protons acting 
as charge carriers . Protons are thought to be present in 
hydroxyl groups bound to Si atoms , and when migrating to jump 
from a hydroxyl group to a nearby terminal oxygen atom^ . 
Conductivity increases with the concentration of both the OH 
groups and the term.inal oxygen atoms. Since the sum of 
these concentrations is constant , there is an optimum ratio 
of concentration at which the conductivity is greatest. 

In ASigO^ glasses under study, the lowest resistivity is 
observed near room temperature . As the temperature of the 
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sample is in creased above room temperature, some of the water 
molecules may be driven off and the contribution to the total 
conductivity due to protons goes on diminishing, until _ at 
about 120°C (1/T:^; 2.5), beyond which the conductivitj'' is 
mainly due to sodiTom ions . 

In region III the conductivity can be due to the 
HK^vement of ITa ions. Activation energy values support this. 

In region IV, glass nos. 3, 4 and 5 show a small 

but distinct pealc, whereas glass nos. 1 and 2 which have 

higher mole % of Na^O do not exhibit this behaviour. 1‘his 

may arise due to some sort of order disorder phenomena in the 

glasses containing lesser mole % of ITagO. However this peak 
not 

is /observed dui’ing cooling cycle . (figures 13, 14 and 15) and 
also for the sample 5 for v/hich measurements v/ere done after 
giving 12 hours of heat treatment at 120°C. (This may be 
explained if we assume that the phase giving this type of 
behaviour is destroyed due to heat treatment. It is also 
significant that in region IV, the conductivity increases 
with the increase in Na2^ content of the glass indicating 
that at higher temperatures ionic conduction is the main 
conduction mechanism. 

This rapid increase of resistivities of all the 
glasses in region I, resulting in high activation energies 
of the order of 2 to 7 eV can be explained if we assume the 
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conduction mechanism in this region also to be due to 
protons. As the temperature is lov/ered belov? room temper- 
ature, the water content on the surface of the glass may 
increase drastically upsetting the optimum ratio between the 
concentrations of hydroxyl groups and terminal o:^gen atoms . 
The high activation energy observed may be due to the presence 
of large number of water molecules ?^hich decrease the mobili^ 
of protons. Since water molecules will be adsorbed only by 
a thin outer layer, it appears that electrical conduction 
takes place pred cminantly in this thin layer. 

It ¥/ill be interesting to study the variation of 
resistivity with temperatuire for fresh leached surfaces of 
these glasses and to see whether the variation of resistivity 
with temperature will show the same kind of behaviour. Also, 
detailed experiments to study the influence of water content 
present in the ambient on surface conductivity of these 
glasses should be carried, by keeping the sample under 
vacuim and then measuring the resistivities, to support the 
above arguments. 

6.2,2 Reduced Glasses 

The variation of surface resistivity with temper- 
ature for all the reduced glasses is shown in fig. 34* Ror 
reduced glasses also the curves can be divided into 4 regions 5 
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By a comparison of figures 33 and 34 we find that 

(1) Both for reduced and virgin glasses the minimum surface 
resistivities (observed near S.f.) are of the same 
order. 

(2) Virgin surface resistivity curves show a mximum at 
about 120°C for all the glasses studied, except glass 
no. 1. For reduced glasses the maxima are observed at 
different temperatures for different glasses which in 
general occur at slightly lower temperatures (about 
90^ ) than for virgin glasses. 

(3) In region III, for virgin surface resistivity measure- 
ments, the resistivity levels do not vary much ?'/ith 
the composition of the ^ass. But in reduced glasses 
the resistivities vazy markedly with the composition in 
this region. 

These differences can be explained if we examine 
the reduction process in reduced samples taking place in the 
surface layers due to hydrogen. 

When the glasses are reduced in hydrogen atmosphere, 
some hydrogen ma.y remain in the surface layers after the 
reduction process. But due to the absorption of water by 
top surface layers, the room temperature resistivities of 
both virgin glass and oreduced gl^s might be approximately 
the same. As tne temperature^ of the specimen is raised 
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above room temperature the water molecules from the topmost 
layer will be driven off and the reduced glass may follow a 
different path, as shown in fig . 36, reaching the level of 
conduction due to alkali ions at a temperature Tg, which is 
less than the temperature , where the ionic conduction for 
virgin glasses starts. Thus in region II, though the conduction 
mechanism is assimed to be due to protons, the difference 
between virgin surface conductivity and conductivity of 
reduced samples can be attributed to the reduction treatment 
given to the latter. 

In region III, the reduced glasses show marked 
variation in resistivity levels. The exact knowledge of the 
state of As 20 ^ after reduction process and its role in 
conduction process may help us in understanding these differ- 
ences in resistivity levels. That the variation in resistivity 
levels in region III is due to reduction process itself is 
evident from the fact that for virgin glasses the variation 
in resistivity levels with composition is not much. However 
ionic conduction may also play a role in conduction in this 
region. Resistivity level of reduced glass no, 3 is much 
lower than rhe resistivity levels for ^ther glasses in 
region III. This may be due to some crystallization process 
takir^ place , during slow heating of the sample , while 
measuring resistivity at different temperatures . 
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In region IV, reduced glass nos. 1 and 3 show small 
peaks. This may again be due to some order-disorder 
phenomena. A PbO glass of composition 6 (table l) , containing 
1 mole % of AsgO^ wasixeduced and resistivity measurements 
?/ere done for this sample in tte temperature range 100-200°C. 
It gave a straight line ( fig . 26) in this temperature range. 
This shov/s that the peculiarities observed for the variation 
of surface resistivity v/ith temperature may be characteristic 
features of alkali borosilicate glassy containing As^O-^" 

6.2.3 Ion -Exchanged and Reduced Glasses 

Eor ion-exchanged and reduced glasses, plots of 
log y vs . 1/T are given for all the glasses studied in fig . 

35* These curves can be divided into 3 regions. These 
curves differ from similar plots for virgin surface resisti- 
vity and reduced surface resistivity in that no second peak 
at higher temperatures is observed for any of these glasses 
except for a small hump for lER glass no. 2. 

Eor ion-exchanged and reduced glasses also, the 
conduction in region I can be assumed to be due to protons. 

In region II, conduction can be again explained as due to 
protons with humidity lowering the resistivity near room 

temperature. In the lEB silicate glasses containing 
(73) 

BigO^ , bismuth particles have been identified and the 
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conduction is explained as due to the presence of these 

particles. The electronic conduction in these glasses was 

explained, as due to the hopping of electrons between the 

conducting islands of bismuth. Also, there will be Ag 

particles in lEE glass surfaces due to (Ag q?, Na ) ion- 

exchange reaction which again lead to electronic conduction. 

Hence in region II and III for lER glasses, conduction will 

be the combined effect of water molecules, ionic conduction 

and electronic conduction due to metallic particles. This 

may explain the differencesin resistivity levels in region 

II and III bety/een virgin glasses and lER glasses. However 

detailed micro structural studies of virgin glasses, reduced 

glasses and lER glasses may help us in understanding the 

different conduction mechanisms operative in these glasses. 

These peculiarities in variation of surface 

resistivity with temperature (particularly a deep minimum in 

resistivity near room temperature) for reduced glasses and 

(77) 

lER glasses have also been observed for Sb20^ containing 
glasses. 

6.3 DTA Studies 

DTA curves recorded for glass nos. 4 and 5 sho?/ a 
minimum at about 160°C suggesting an endothermic reaction 
at this temperature. This may be due to expelling of water 
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molecules bonded to silicon atoms in which case KTA curves 
support our arguments discussed in the previous section. 

Or it may be due to the nu cleat ion of some new phase, in the 
glassy matrix. 

6.4 Switching 

Out of the few glasses studied for switching 

behaviour only lER glass no, 2 shov/ed switching behaviour 

below room temperature, at about 28° 0. This glass also did 

not show switching at higher temperatures even when high 

voltages (upto 1000 V) were applied. The switching observed 

was of threshold type. This s?;itching of the glass from 

1 1 

high resistance state (10 ohm) to low resistance state 
(10 ohm) can be attributed to the fact that because of the 
thermal effects or JoifLe heating produced in the glass, 
current channels are induced implying thereby that the 
switching mechanism is thermal in nature. We have seen that 

for all the lER glasses the resistivity shoots up as the 

of the sample goes below room temperature. , 

temperature/_ Hence, in this temperature region, even a slight 

variation in temperature of one or two degrees will result 

in a large change in the resistivity of the sample. In 

particular, if the temperature of the sample increases by 

one or two degrees because of Joule heating, the resistivity 

of the sample will decrease considerably. By an approximate 
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calculation we can show that the rise in temperature of the 
sample due to Joule heating will be of the order of one or 
two degrees. 

If I is the current passing through the sample just 

prior to switching (7 volts for lER glass no. 2) and R is 

2 

the OFF state resistance, the heat generated will be I R. 

Yfe can equate this to met, where m is the mass of the sample, 

G is the specific heat of glass and t is the rise in temper- 
ature in °C. 

For lER glass no. 2, with an electrode gap of 0.7 

mm and an electrode width of 11 mm, and assuming that only 

0 

a thin surface layer at the top of about 100 A thickness is 

effective in conduction we get the mass of the sample through 

-7 

which conduction occtirs as 1 .54 x 10 gm where a density of 
2 gms/c.c. for the glass is assumed. 

faking the specific heat for this glass to be 0.1 
cals/gtE/°C we get from the relation 

I^R = met , (6.5) 

2.02 X 10~® = 1.54 X 10“® X t. 

Thus t is of the order of 1°. This is consistent v/ith our 
arguement above. Hence the switching mechanism seems to 
be thermal in nature. 
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However sv/itching could not be observed in bulk 
glass no. 1 . Purther studies have to be done to establish 
the switching mechanism in these glasses and to determine 
the compositions of glasses which give better and stable 
switching characteristics. 

6.5 Optical Absorption 

Absorption edge was observed for all the glasses 
0 

studied at about 3000 A. The absorption edges lie in the 

range of 2.8 to 3 ‘I e¥. These are morfe than twice the 

activation energy determined by d .c . measurements for these 

glasses. It is known that the activation energies for 

conduction in oxide glasses are much less than E „ » whereas 

g^P 

for chalcogenide glasses like AsgS^ and 18280 ^ they are 
similar to Egg^^. Hence the absorption edges determined for 
these As 20 ^ glasses are consistent with the results for 
other oxide glasses. 
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CHAPTER 7 

GOICLUSIOIS MB SCOPE POR PUHTHBR WORK 


7 . 1 Conclusions 

The following conclusions could be dra?m from the 

studies made on the glasses belonging to the system SiO^ - 

BgO^ — 1^2© — ASgO^ » 

(1) The d.c. conductiYity of these glasses is due to the 
motion of Na ions, 

(2) The surface resistivities of all the virgin glasses 
studied and surface resistivities of all the reduced or 
ion-exchanged and reduced glasses exMbit a minimum 
near room temperature. The resistivities increase both 
below room temperature and just above room temperature. 
The increase in resistivity below room temperature is 
attributed to proton conduction and the increase just 
above room temperature is explained as due to water 
molecules and their interaction with silicate network 
of the glass. At higher temperatures these glasses 
show ionic conduction, 

(3) Surface resistivities of glasses for which reduction 
treatment or ion-exchange and reduction treatment v/as 
given follow different kind of variation with temper- 
ature than for virgin glasses. This difference is 
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attributed to the surface treatment given to the 
glasses, resulting in different conduction mechanisms. 

(4) glass which had 5 mole % of NagO shov/ed threshold 
tj'pe of switching after ion-exchange and reduction 
treatment of the surface. The switching mechanism is 
believed to be thermal in nature . 

7 .2 Scope for Further Work 

(1) The glasses studied in the present investigation 
contained either 8 or 6 mole % of As^O^. It will be 
interesting to study the bulk and surface properties of 
glasses containing different mole % of As 20 ^* 

(2) All the surface resistivity measurements v/ere done for 
samples polished with 120 mesh size silicon carbide 
powder. It is necessary to investigate the dependance 
of surface resistivity on polishing medium and surface 
structure. 

(3) In order to confirm the dependence of surface resisti- 
vity on water molecules adsorbed by the surface, it is 
necessaiy to carry out the following experiuBnts. 

(a) Measurement of siirface conductivity under vacuum, 
and in diy nitrogen atmosphere 

(b) Measurement of surface conductivity at different 



relati-ve percentage of hximidity by controlling the 
humidity of the ambient. 

(c) Measurement of surface conductivity on fresh 

leached surfaces and also on samples exposed to 
boiling 7/ater for different periods of time.- - 
To study the surface conductivity of reduced and ion- 
exchanged and reduced samples as a function of 
temperature at ?/hich siarf ace treatment was carried out . 
This study may help us in understanding the lole of 
reduction or ion-exchange and reduction in surface 
conductivity me chanisms , 

To study in detail the micro structure of these glass 
surfaces and to identify the different species present 
on glass surfaces using different techniques such as 
IR spectroscopy, X-ray analysis, Electron diffraction 
and DTA. 

To investigate the switching properties of these 
glasses in more detail. 
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